Parenteral nutrition-associated liver disease (PNALD) is a serious complication of PN in infants who do not tolerate enteral feedings, especially those with acquired or congenital intestinal diseases. Yet, the mechanisms underlying PNALD are poorly understood. It has been suggested that a component of soy oil (SO) lipid emulsions in PN solutions, such as plant sterols (phytosterols), may be responsible for PNALD, and that use of fish oil (FO)-based lipid emulsions may be protective. We used a mouse model of PNALD combining PN infusion with intestinal injury to demonstrate that SO-based PN solution causes liver damage and hepatic macrophage activation and that PN solutions that are FO-based or devoid of all lipids prevent these processes. We have furthermore demonstrated that a factor in the SO lipid emulsions, stigmasterol, promotes cholestasis, liver injury, and liver macrophage activation in this model and that this effect may be mediated through suppression of canalicular bile transporter expression (Abcb11/BSEP, Abcc2/ MRP2) via antagonism of the nuclear receptors Fxr and Lxr, and failure of up-regulation of the hepatic sterol exporters (Abcg5/g8/ABCG5/8). This study provides experimental evidence that plant sterols in lipid emulsions are a major factor responsible for PNALD and that the absence or reduction of plant sterols is one of the mechanisms for hepatic protection in infants receiving FObased PN or lipid minimization PN treatment. Modification of lipid constituents in PN solutions is thus a promising strategy to reduce incidence and severity of PNALD.
INTRODUCTION
Administration of parenteral nutrition (PN) is critical for survival and growth in infants who cannot tolerate enteral feedings. However, in many of these infants, PN is associated with rapid development of cholestatic liver injury, referred to as PN-associated liver disease (PNALD; also known as intestinal failure-associated liver disease), which can progress to cirrhotic liver failure. Chronicity and severity of PNALD are highest in preterm infants and in infants with intestinal failure secondary to short bowel syndrome, congenital absorption defects, necrotizing enterocolitis, and intestinal malformations (1) (2) (3) . PNALD is the leading indication for multivisceral (liver/intestine) transplantation in infants (4) because current therapies are not effective (5) . The pathogenesis and etiology of PNALD remain poorly understood. Recent studies have focused on the possible contributing roles of lipid emulsions, which are obligate components of the PN solutions (6) (7) (8) (9) (10) (11) (12) (13) , and the absorption of bacterial products such as lipopolysaccharides (LPSs) from the compromised, inflamed intestinal mucosa (14, 15) .
The intravenous lipid emulsion most commonly used in PN in the United States (Intralipid, Fresenius Kabi) is derived from soy oil (SO). Recent reports have shown that infusion with lipid emulsions derived from fish oil (FO) rather than SO improves established PNALD and that reduction of the SO lipid dose in PN solutions attenuates PNALD (6) (7) (8) (9) (10) (11) (12) . These data suggest that a lipid component in the SO emulsion may be responsible for promoting PNALD. One of the components of SO emulsions implicated in PNALD is the presence of plant sterols (phytosterols) (14, (16) (17) (18) (19) . On the basis of in vitro studies, the phytosterol stigmasterol, which is one of three major phytosterols present in SO lipid emulsions, has been suggested as promoting cholestasis through inhibition of the nuclear receptor FXR, which, in turn, would result in reduced hepatocyte expression of a wide variety of FXRdependent genes, including the principal determinant of bile secretion, the bile salt export pump (BSEP) (Abcb11) (14) . In this in vitro model focusing on phytosterol-mediated alterations in nuclear receptor-mediated gene expression, stigmasterol antagonized FXR signaling, but the most prevalent phytosterol in soy lipid, β-sitosterol, did not (14) . Proinflammatory cytokine-induced cell signaling in hepatocytes, primarily derived from LPS-activated Kupffer cells residing in hepatic sinusoids, also suppresses nuclear receptormediated gene expression in liver, including FXR-dependent pathways (referred to as cytokine-mediated cholestasis) (20) (21) (22) . Thus, the combination of cytokine signaling and plant sterols could potentially exert synergistic potent inhibitory effects on hepatocyte expression of canalicular transport systems and thus promote intracellular bile salt retention or cholestasis.
To explore the contributions from inflammation and phytosterols in the etiology of PNALD, we have recently developed a PNALD mouse model in which intestinal injury in conjunction with PN infusion for 7 days promoted hepatic macrophage (Kupffer cell) activation and cytokine production, leading to PNALD, whereas neither intestinal injury nor PN alone was sufficient to induce liver injury (15) . These findings suggested that both a component within the PN solution and the activation of Kupffer cells by intestinally derived Toll-like receptor 4 (TLR4) agonists were mechanistically involved in this liver injury (15) .
Here, we have used this mouse model to test the hypothesis that select plant sterols in SOderived PN solutions were critical factors leading to PNALD. We experimentally addressed four questions: (i) Does infusion with FO-PN prevent PNALD in mice? (ii) Can PNALD in mice be prevented by infusion of PN devoid of SO lipids? (iii) Does stigmasterol in PN solution promote liver injury? (iv) Does infusion of phytosterol-containing PN solutions reduce expression of hepatic bile acid transporter genes? Our results demonstrate that infusion of PN solutions devoid of plant sterols (FO-PN or no lipid PN) prevented cholestasis and liver injury, thus replicating the experience in human infants. Moreover, infusion with FO-based emulsion to which one phytosterol, stigmasterol, was added produced cholestasis and liver injury, despite the absence of other SO-derived lipids and the presence of the FO lipids. In addition, gene expression of the canalicular bile acid transporter Abcb11 and conjugated bilirubin transporter Abcc2 was reduced in mice infused with plant sterol-containing emulsions but not in mice receiving plant sterol-free PN, and serum stigmasterol concentrations correlated with the severity of cholestasis. Finally, proinflammatory activation of liver macrophages was limited to those mice administered plant sterol-containing emulsions.
These results provide direct experimental evidence that phytosterols play a role in the pathogenesis of PNALD and that the absence of phytosterols in FO lipid emulsions and in lipid-free emulsions is the likely mechanism of protection against PNALD. Our study thus provides a rationale for improving the design of lipid emulsions for PN solutions to prevent or treat PNALD while maintaining essential fatty acid homeostasis.
RESULTS

FO-based emulsion prevents PNALD in mice
We first determined if infusion with FO-based PN solution compared to SO-based PN solution would prevent or attenuate PNALD in mice, as reported in human infants (6, 7, 10) .
In these experiments, we used the recently described PNALD mouse model (15) . Eightweek-old male C57BL/6 mice with intestinal injury produced by low-dose oral dextran sulfate sodium (DSS) pretreatment were randomized into four groups. Group 1 was continued on a regular chow diet for 7 days while receiving infusion with normal saline through a central venous catheter (CVC) (DSS/NS; n = 11); group 2 received a chow diet but did not undergo CVC placement (DSS; n = 10); group 3 was infused with SO-PN for 7 days (DSS/SO-PN; n = 19); and group 4 was infused with FO-PN for 7 days (DSS/FO-PN; n = 11). PN-infused mice had no access to chow but were given free access to water. A final control group underwent no treatment and had free access to water and chow (Chow; n = 10). Both PN solutions were identical with regard to concentration of total lipids, amino acids, and dextrose; both groups of mice received an equal dose of lipids per day relative to body weight (1.4 g/kg per day), and both PN solutions were isocaloric. Caloric intake of PNinfused mice was adjusted to 8.4 kcal/day to match the caloric intake of chow-fed mice (23) .
A summary of the treatment groups of mice and experimental design is depicted in fig. S1 . The composition of the PN solutions and lipid emulsions is summarized in Tables 1 and 2. As reported previously (15) , neither DSS nor DSS/NS treatment resulted in significant (P > 0.6) increases in serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin, or bile acids, nor in liver histologic changes, demonstrating that intestinal injury alone was not associated with liver injury or cholestasis ( Fig. 1 , A to D, and table S1). Infusion of SO-PN in DSS-pretreated mice resulted in markedly increased serum concentrations of AST, ALT, total bilirubin, and total serum bile acids (TSBAs) compared to all control groups. In contrast, infusion of FO-PN in DSS-pretreated mice was associated with markedly lower serum AST, ALT, bilirubin, and bile acids that were no different from control mice [P < 0.0004, FO-PN versus SO-PN, one-way analysis of variance (ANOVA)] ( Fig. 1 , A to D, and table S1). These data demonstrated that FO-based PN solutions prevented both hepatocyte injury and cholestasis in mice pretreated with DSS.
Removal of lipids from PN solution attenuates PNALD in mice
To further determine the role of lipids in promoting PNALD in mice, we infused DSSpretreated mice with a PN solution completely devoid of all lipids (DSS/NoL-PN; n = 9) that was made isocaloric by increasing dextrose content ( Table 1) . NoL-PN-infused mice underwent DSS pretreatment and 7 days of PN infusion treatment identical to SO-PN-and FO-PN-infused mice ( fig. S1 ). Compared to SO-PN mice, infusion with NoL-PN resulted in marked attenuation of hepatocyte injury (reduced serum AST and ALT) and cholestasis (reduced serum total bilirubin and total bile acids) to values that were similar to those in FO-PN mice and controls ( Fig. 1 , A to D, and table S1).
These data suggested that the protective effect of FO-PN infusion was likely due to the absence of component(s) present in SO-PN, and not the presence of ω-3 fatty acids, the predominant lipid species in FO-PN ( Table 2 ). The main phytosterols present in SO-PN (Intralipid 20%) are stigmasterol, β-sitosterol, and campesterol. Among these three phytosterols, stigmasterol has the greatest potential to promote cholestasis through antagonism of FXR function and specifically reduce expression of Abcb11 in primary mouse hepatocytes (14) , and was therefore further investigated.
Stigmasterol promotes PNALD in mice
We next determined if stigmasterol promoted cholestasis and liver injury in mice by adding stigmasterol in two different concentrations to FO-PN solutions. One group of DSSpretreated mice was infused for 7 days with FO-PN in which 1 mg of stigmasterol was added to 100 ml of PN solution (DSS/FO-PN-Stig1; n = 12). The final concentration of stigmasterol in this PN solution, measured by mass spectrometry, was 1.085 mg/100 ml, which was in the range of the stigmasterol concentration measured in the SO-PN solution (0.671 mg/100 ml). A second group of DSS-pretreated mice was infused for 7 days with FO-PN containing 3 mg/100 ml of stigmasterol (DSS/FO-PN-Stig3; n = 9) to replicate the stigmasterol concentration present in SO-PN infused to human infants, who receive lipid (up to 3.5 g/kg per day) in typical PN (24) . The final concentration of stigmasterol in this PN solution, measured by mass spectrometry, was 2.79 mg/100 ml.
Infusion with FO-PN-Stig3 markedly increased AST, ALT, total bilirubin, and total bile acids, compared to infusion with FO-PN, to concentrations similar to those observed in DSS/SO-PN mice ( Fig. 2 
, A to D, and table S1). Infusion with FO-PN-Stig1 increased these values to concentrations intermediate between FO-PN-Stig3 and FO-PN.
Total serum bilirubin was elevated in both DSS/FO-PN-Stig1-and DSS/FO-PN-Stig3infused mice and did not differ significantly (P > 0.7) from that detected in DSS/SO-PN mice ( Fig. 2C and table S1 ). These data demonstrated that a 7-day infusion of PN solution containing stigmasterol in this model caused both hepatocellular injury and cholestasis.
Phytosterol-containing PN solutions promote activation of macrophages
We have previously reported that the combination of intestinal injury and PN infusion in this mouse model was associated with proinflammatory activation of hepatic macrophages as reflected by increased transcription of Il6 mRNA in purified hepatic macrophages, whereas either treatment alone did not induce macrophage activation (15) . To determine the role of plant sterols in PN in this activation of macrophages, we isolated and purified liver macrophages from mice in the current experiments, and measured mRNA expression of Il6 by quantitative reverse transcription polymerase chain reaction (qRT-PCR). Consistent with our previous report, transcription of Il6 was increased in liver macrophages from DSSpretreated mice infused with SO-PN compared to liver macrophages from chow-fed and DSS-pretreated chow or NS control mice ( Fig. 3A and table S1). In contrast, transcription of Il6 was not increased in liver macrophages from DSS-pretreated mice infused with either FO-PN or NoL-PN ( Fig. 3A and table S1). However, DSS-pretreated mice infused with FO-PN-Stig3 showed enhanced Il6 transcription in liver macrophages to the extent observed in the SO-PN group ( Fig. 3A and table S1).
We next determined if stigmasterol could activate cytokine transcription in primary naïve macrophages in vitro. We exposed naïve wild-type mouse bone marrow-derived macrophages (BMDMs) for 4 hours to 10 μM stigmasterol acetate (StigAc). StigAc was chosen because of its reported superior solubility and stability compared with its parent compound (14) ; this concentration was shown to inhibit bile acid activation of Fxr and Abcb11 expression in primary mouse hepatocytes, and is seen in the plasma of young children receiving SO-based PN (16) (17) (18) . We found that, compared to untreated and vehicle (ethanol in transfection reagent)-treated BMDMs, StigAc induced significantly (P < 0.0002) increased transcription of canonical macrophage proinflammatory cytokines, including Il6, Il1β, and Tnfα (Fig. 3, B to D, and table S1), which was between 30 and 60% of that observed with the canonical macrophage activator LPS (10 ng/ml) ( Fig. 3, B to D, and table S1).
Serum and liver concentrations of stigmasterol correlate with PNALD in mice
Serum concentrations of stigmasterol measured by mass spectrometry were increased about sixfold in DSS-pretreated mice that had been infused with SO-PN compared to chow-fed controls ( Fig. 4A and table S1), but not in DSS-pretreated mice infused with FO-PN. Serum stigmasterol concentrations were increased further in DSS/FO-PN-Stig1 mice (>20-fold). Liver stigmasterol was increased in DSS-pretreated mice that had been infused with SO-PN compared to chow-fed controls, but not in those that had been infused with FO-PN. Addition of stigmasterol to FO-PN led to increased liver stigmasterol concentrations ( Fig. 4B and table S1). Together, these data show that stigmasterol accumulated in the serum and liver of mice administered phytosterol-containing PN solutions, which were associated with hepatic injury and cholestasis.
Phytosterol-containing PN solutions suppress expression of canalicular genes critical for bile secretion
We next sought to determine whether the cholestatic effects of stigmasterol were related to expression of hepatocyte bile acid transporters. We determined liver mRNA expression of Abcb11 and the canalicular multispecific organic anion transporter involved in conjugated bilirubin excretion (MRP2; encoded by Abcc2). Compared to expression in untreated mice, liver mRNA expression was mildly reduced in DSS-pretreated control mice for both Abcb11 and Abcc2, but was markedly suppressed in livers from DSS-pretreated mice infused with SO-PN ( Fig. 5 , A and B, and table S1). In contrast, Abcb11 and Abcc2 expression in livers from mice infused with NoL-PN or FO-PN was similar to that observed in DSS-pretreated control mice and markedly higher than in the livers from SO-PN-infused mice (Fig. 5 , A and B, and table S1). Moreover, expression of Abcb11 and Abcc2 in livers from FO-PN-Stig1 and FO-PN-Stig3 infused mice was markedly reduced to amounts that were comparable to those detected in livers from mice infused with SO-PN ( Fig. 5, A and B, and table S1). Because expression of Abcb11 and Abcc2 is regulated by bile acid-stimulated FXR, we measured hepatic expression of Fxr and found that Fxr mRNA was markedly reduced in livers from DSS-pretreated mice infused with SO-PN, FO-PN-Stig1, and FO-PN-Stig3 compared to FO-PN and NoL-PN ( Fig. 5C and table S1), mirroring expression of Abcb11 and Abcc2. Thus, stigmasterol reduces both expression and function of Fxr/FXR.
Gut microbiota and TLR4 signaling are involved in suppression of liver bile salt export systems
We have previously reported that antibiotic suppression of the intestinal microbiota or global abrogation of TLR4 signaling attenuated PNALD in mice pretreated with DSS and infused with SO-PN for 7 days (15) . We therefore examined the role of the intestinal microbiota and TLR4 signaling pathways in regulating expression of Abcb11 and Abcc2 in livers of PN-infused mice with intestinal injury. For this purpose, we measured mRNA amounts in livers obtained from previously studied and reported wild-type C57BL/6 mice that had undergone DSS pretreatment and SO-PN infusion for 7 days with concomitant broad-spectrum oral antibiotic treatment (DSS/SO-PN-Abx; n = 5) (15) . We also measured mRNA amounts in livers from previously reported C57BL/6 mice with a naturally occurring mutation in the Tlr4 gene that renders the mice globally unresponsive to LPS (25); these were also subjected to DSS pretreatment and SO-PN infusion for 7 days (DSS/SO-PN-Tlr4; n = 5). Both of these groups of mice displayed attenuated PNALD (15) . Expression of mRNA for Abcb11 and Abcc2 in livers from antibiotic-treated mice was markedly increased when compared to SO-PN mice that had not received oral antibiotic treatment and was similar to gene expression in DSS/chow mice (n = 6 to 7) ( Fig. 5 , D and E, and table S1). Similarly, hepatic expression of Abcb11 and Abcc2 from Tlr4 mutant mice that received DSS pretreatment and SO-PN was markedly increased compared to SO-PN wild-type mice and was similar to expression from DSS/chow mice (Fig. 5 , D and E, and table S1). These results suggest that innate immune signaling pathways initiated by LPS absorbed from gut microbiota and mediated through host TLR4 signaling may contribute to the suppression of hepatic bile acid and bilirubin transporters.
Phytosterol-containing PN solutions suppress hepatic sterol transporters
Finally, we determined hepatic mRNA expression for the sterol transporters Abcg5 and Abcg8, the principal exporters of cholesterol and phytosterols from hepatocytes. Compared to expression in untreated mice (n = 5) and DSS-pretreated (n = 5) control mice, expression of both Abcg5 and Abcg8 was induced in DSS-pretreated NoL-PN-infused (n = 5) and FO-PN-infused (n = 5) mice ( Fig. 6 , A and B, and table S1). In contrast, this induction of mRNA expression was suppressed in livers from DSS-pretreated SO-PN-infused mice (n = 5) ( Fig. 6, A Fig. 6C and table S1 ). Thus, phytosterol-containing PN solutions suppressed Lxr expression and its downstream gene targets, Abcg5 and Abcg8.
DISCUSSION
Here, we have provided experimental evidence that implicates phytosterols, specifically stigmasterol, as a component of SO-based lipid emulsions that is responsible for cholestasis and hepatic macrophage activation in PNALD through a mechanism that involves phytosterol-mediated suppression of bile acid, bilirubin, and sterol transporters. We have demonstrated that substituting FO for SO-based lipid emulsions or elimination of all intravenous lipids in PN solutions prevents cholestasis, hepatocyte injury, and activation of liver macrophages in mice with intestinal injury receiving PN for 7 days, replicating reports in human infants in whom infusion with FO-based PN or reduction of intravenous lipid dose improved PNALD (6) (7) (8) (9) (10) (11) (12) (13) . These results indicate that the absence of a lipid component in FO-based PN, rather than the presence of ω-3 fatty acids as proposed by others (7, 10, 11, 13) , is likely the major mechanism of protection from liver injury and cholestasis.
Phytosterols have been proposed as playing a potential role in the pathogenesis of PNALD for more than 20 years after it was demonstrated that phytosterols accumulate in livers and plasma from patients receiving SO-based PN (16, 17) . More recent studies have shown that elevated serum phytosterol concentrations correlate with PNALD in human infants (18, 19) . Mechanistic studies have demonstrated that among the phytosterols present in SO emulsions, stigmasterol was by far the most potent at inhibiting activity of FXR, which regulates transcription of bile acid transporters in cultured hepatocytes (14) . On the basis of these observations, we evaluated the role of stigmasterol in promoting PNALD in our mouse model and took advantage of the fact that FO-based PN infusion, which was devoid of all phytosterols, prevented liver injury that was observed in mice infused with phytosterolcontaining SO-PN. We also "spiked" FO-PN with stigmasterol to isolate its potential to induce liver injury and cholestasis. The two different concentrations of stigmasterol used in our study reflected the amount infused into mice receiving SO-PN, and the higher concentration reflected that infused into human infants receiving SO lipid emulsion (3 to 3.5 g/kg per day). The results provide experimental evidence that in an animal model of intestinal injury and PN infusion, plant sterols, specifically stigmasterol, contribute to cholestasis, liver injury, and macrophage activation. These findings support the emerging hypothesis that stigmasterol is the plant sterol in soy-based PN solutions that is likely to contribute to cholestasis and liver injury in patients with underlying intestinal diseases.
This hypothesis is further supported by clinical observations during PN administration in patients with short bowel syndrome (18, 19, 26) . Transition from SO (Intralipid, Fresenius Kabi)-based PN to olive oil lipid (ClinOleic, Baxter/Clintec Parenteral SA) resulted in normalization of serum liver enzymes (26) , indicating reduced liver injury. The major difference in plant sterol content between SO and olive oil lipid is the stigmasterol concentration, which is about three times higher in Intralipid than in ClinOleic, whereas the total plant sterol concentration is only 30% higher in Intralipid (27) . On the basis of these and our observations, future studies should determine safe thresholds of plant sterols that can be administered in PN solutions to design improved lipid emulsions.
The mechanism by which phytosterol-containing PN solutions promote liver injury when infused in conjunction with intestinal injury/inflammation has not been fully evaluated. The prevailing hypothesis, based on in vitro studies using cell lines and primary hepatocytes, proposes that stigmasterol, through inhibition of activity of FXR, reduces expression of genes and proteins involved in canalicular excretion of bile acids and bilirubin, thus causing hepatocellular retention and toxicity from bile acids (14) . On the basis of this hypothesis, we demonstrated that hepatic expression of Abcb11, Abcc2, and Fxr was markedly reduced in mice receiving PN solutions containing phytosterols, indicating marked perturbations of FXR and downstream signaling during PNALD. Although we did not directly investigate FXR binding activity to target promoter sequences, these data are consistent with a previous study implicating reduction of activity of BSEP and other transporters as a primary mechanism of stigmasterol-induced cholestasis (14) .
We have previously reported that neither infusion with SO-PN solution for 7 days nor DSSinduced intestinal injury in mice is alone sufficient to induce liver injury, cholestasis, and macrophage activation (15) . These findings in the mouse model are analogous to the experience in human infants, in whom PNALD is much more severe in infants with intestinal failure (3). We have thus hypothesized that components within the PN solution synergize with hepatic inflammatory pathways and cytokines that are induced by TLR agonists (such as LPS) absorbed through an injured intestine with bacterial overgrowth and reduced barrier function, and that activation of TLR4 signaling in hepatic macrophages leading to generation of proinflammatory cytokines is an important component of this hepatic injury (15) . Indeed, in mice lacking TLR4 signaling or in which the intestinal microbiota had been suppressed by antibiotics, liver injury and cholestasis did not occur and Abcb11, Abcc2, and Fxr expression was restored to that in control mice. Moreover, we have demonstrated that the addition of stigmasterol to the PN solutions was associated with proinflammatory hepatic macrophage activation in vivo and that StigAc promoted cytokine expression in cultured macrophages in vitro at clinically relevant concentrations. These findings led us to speculate that LPS and plant sterols may synergize at the level of macrophage generation of proinflammatory cytokines in this liver injury model. Because stigmasterol inhibits FXR signaling in hepatocytes (14) and considering the emerging concept that FXR signaling may be anti-inflammatory in macrophages, inhibition of FXR activity in macrophages by stigmasterol may be a potential pathway involved in the observed ability of stigmasterol to activate macrophages (28) (29) (30) (31) (32) . Our findings should prompt future studies to delineate the mechanism(s) through which plant sterols activate macrophages.
Our study also demonstrated that expression of the principal sterol exporters in the hepatocyte, encoded by Abcg5 and Abcg8, failed to be up-regulated in mice infused with phytosterol-containing PN solutions. Thus, hepatocytes of mice with PNALD are primed to accumulate phytosterols when relatively large amounts of phytosterols are infused in PN, potentially enhancing the antagonism of FXR signaling by higher hepatocyte concentrations of phytosterols. Because expression of Abcg5 and Abcg8 is regulated by LXR, we examined the possibility that altered LXR expression was responsible for failure to up-regulate Abcg5 and Abcg8. Indeed, hepatic Lxr transcription was markedly reduced in mice receiving intravenous stigmasterol. This may have particular importance because activation of LXR in macrophages has been shown to exert anti-inflammatory activity (33, 34) ; thus, the upregulation of hepatic macrophage Il6 mRNA during PN may also be a result of inhibition of LXR activity by stigmasterol. A similar mechanism has recently been proposed in TLRactivated macrophages in which inhibition of LXR activity resulted in potentiated inhibition of cholesterol export (34) .
Phytosterols also accumulate to very high serum and hepatic concentrations in a rare genetic disease, sitosterolemia, in which mutations in ABCG5/G8 lead to impaired biliary secretion and increased intestinal absorption of phytosterols (35) (36) (37) . Although these patients develop xanthomas and premature atherosclerosis, liver injury and cholestasis are not generally present in affected individuals or in the mouse model of this disease (35) (36) (37) (38) . Thus, our demonstration of the role of stigmasterol in PNALD appears to be contradicted by these observations. However, there are several important differences between PNALD and sitosterolemia. First, neonates, the group most affected by PNALD, have an increased susceptibility to cholestasis because of ongoing postnatal development of bile acid transport and detoxification/conjugating enzymatic systems, which improves with age (39, 40) . Second, the amount of infused phytosterols in SO lipid emulsions greatly exceeds that normally encountered by neonates, potentially overwhelming normal physiologic homeostatic mechanisms. Third, PNALD is a multifactorial disease, as opposed to sitosterolemia, in which activated inflammatory pathways from intestinally absorbed bacterial products and systemic inflammation and infection are involved. LPS, cytokines, and, as we have shown, proinflammatory activation of macrophages play important roles in altering the expression of bile acid transport genes in PNALD, but have not been shown to be involved in sitosterolemia, to our knowledge. Thus, elevated hepatic concentrations of phytosterols in isolation may not lead to liver injury; however, in the setting of PNALD, there is accumulating clinical and experimental evidence that phytosterols are key pathogenic factors.
There are limitations of this study. Adult mice were used throughout the experiments rather than infant mice because of the technical issues of placing and maintaining CVCs in very small mice. Thus, the experimental model does not completely replicate the human most susceptible to PNALD, the infant with intestinal malformations or disease. However, we could expect the findings in the current study to be more severe if it were possible to adapt this model to neonatal mice because of the immaturity of hepatic bile acid transporter expression and the propensity toward cholestasis in both rodent and human infants (41, 42) . Another limitation of this study is that only one phytosterol (stigmasterol) was investigated, so the roles of other phytosterols in this model are not known.
In summary, the present study and our previous report (15) provide experimental evidence in a mouse model that the pathogenesis of PNALD involves the gene-regulating effects of infused phytosterols combined with gut-derived LPS-and phytosterol-mediated activation of liver macrophages. The resulting deregulation of canalicular bile acid, bilirubin, and sterol transporters, likely through inhibition of nuclear receptor signaling by phytosterols and cytokines, leads to cholestasis and enhanced accumulation of hepatic phytosterols. Thus, modification of lipid constituents infused in PN solutions for infants with intestinal injury will be an important strategy to reduce the incidence and severity of PNALD.
MATERIALS AND METHODS
Study design
The PNALD mouse model was previously published (15) . In brief, C57BL/6 wild-type and syngeneic TLR4 mutant (B6.B10ScN-Tlr4 lps-del /JthJ) adult male mice (8 to 10 weeks old; Jackson Laboratories) were exposed ad lib to 2.5% DSS in the drinking water for 4 days. Mice then received regular drinking water for 24 hours (referred to as "DSS pre-treatment") before surgical placement of a CVC into the right jugular vein. Mice were placed in a rubber harness (Instech Laboratories) connected by a swivel system. The rubber harness ensures secure placement of the catheter, whereas the swivel system connects the infusion line from the harness to the infusion pump (Harvard Apparatus) such that movement of the mouse within the cage is only minimally limited. Mice were recovered from surgery for 24 hours with NS infused in the CVC before continuous infusion for 7 days with PN at a rate of 0.29 ml/hour, providing a caloric intake of 8.4 kcal/24 hours. All PN-infused mice had access to water ad lib but not to chow during the PN infusion period. Several control groups of mice were also studied. DSS-pretreated mice were infused with NS for 7 days instead of PN (DSS/NS). DSS-pretreated mice that did not have a CVC placed were given free access to chow and water. Unmanipulated control mice had free access to chow and water without being connected to the harness-swivel system. Mice received PN that contained either SO lipid emulsion (10 ml of 20% Intralipid per 100 ml of PN solution), FO lipid emulsion (10 ml of 10% Omegaven per 100 ml of PN solution), no lipid emulsion, or FO lipid emulsion to which stigmasterol was added at concentration of 1 or 3 mg/100 ml of PN. All mice were individually housed in metabolic cages. A graphical representation of the experimental design is depicted in fig. S1 . Blood was collected from the retro-orbital plexus under pentobarbital anesthesia. Serum was analyzed by the University of Colorado Hospital Clinical Chemistry Laboratory for AST, ALT, and total bilirubin concentrations. TSBAs were analyzed using a total bile acid detection kit (Diazyme Laboratories) according to the manufacturer's instructions. PN solution, serum, and liver stigmasterol concentrations were determined by mass spectrometry as previously described (43) .
All animals were treated humanely, and the protocol was approved by the Institutional Animal Care and Use Committee of the University of Colorado Denver.
Suppression of intestinal microbiota
A group of DSS-pretreated SO-PN mice was exposed ad lib to an oral cocktail of four broad-spectrum antibiotics provided in the drinking water during the entire course of the 7day PN infusion as previously reported (15) . The antibiotics, mixed fresh every 24 hours, included vancomycin (1 g/liter), streptomycin (2 g/liter), ampicillin (2 g/liter), and metronidazole (2 g/liter).
Hepatic macrophage purification
Hepatic macrophages were purified as previously described (15) . In brief, pooled livers (three to six mice) were minced in cold Hanks' buffer (Gibco/Invitrogen) and incubated in Liberase R (Hoffmann-La Roche) and deoxyribonuclease (DNase) (Sigma-Aldrich) for 30 min at 37°C followed by low-speed centrifugation at 25g and further separation over Histodenz gradient (Sigma-Aldrich). CD11b + cells (referred to as hepatic macrophages/ Kupffer cells in this study) were then purified using positive selection with magnetic CD11b antibody beads (MACS, Miltenyi) as previously described (15) .
In vitro activation of macrophages with StigAc
Mouse BMDMs were generated from 6-to 8-week-old male C57BL/6 mice (Jackson Laboratories) as previously described (44) . BMDMs were treated with ultrapure LPS (10 ng/ml) (Escherichia coli K12 strain from Invivogen) and a final concentration of 10 μM StigAc (Steraloids). StigAc was solubilized as a 10,000 μM solution in 100% ethanol (EtOH). For BMDM treatment, StigAc was formulated in TransIT-LT1 Transfection Reagent (Mirus) at a concentration of 100 μM in serum-and antibiotic-free Dulbecco's modified Eagle's medium and incubated for 30 min before adding to BMDMs at a final concentration of 10 μM. Vehicle controls included equimolar preparations of transfection reagent alone (TR) and a mixture of transfection reagent with ethanol (TR-EtOH).
RNA isolation and quantitative gene expression analysis
RNA was extracted using TRIzol (Invitrogen), treated with DNase (Ambion), and reversetranscribed with iScript (Bio-Rad) according to the manufacturer's instructions. Gene expression was analyzed in triplicate by qRT-PCR analysis on an Applied Biosystems 7300 cycler using commercially available mouse TaqMan gene expression assays (Applied Biosystems). Data were analyzed by software provided by Applied Biosystems using the ΔΔC t method and expressed after normalization to Hprt1 and relative to untreated chow-fed control or DSS/NS-treated mice and untreated BMDMs.
Statistical analysis
GraphPad Prism software was used to determine statistical significance by one-way ANOVA with Tukey correction for multiple comparisons; unpaired t test was used for comparisons between two groups. Means and SEM are shown. A P value of <0.05 was considered statistically significant. All original data and exact adjusted P values, α, and 95% confidence intervals are depicted in tables S1 and S2.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Gene expression was determined after normalization to hypoxanthine-guanine phosphoribosyltransferase 1 (Hprt1) as an endogenous control gene. mRNA amounts are expressed relative to results obtained from untreated chow-fed control mice. Livers were pooled from three to five mice per group, and means and SEM from technical triplicates are shown. One representative of two independent CD11b + cell isolations is shown. (B to D) StigAc induces transcription of the canonical macrophage proinflammatory genes Il6 (B), Il1β (C), and Tnfα (D) in naïve BMDMs. mRNA amounts are expressed relative to results obtained from untreated BMDMs. Shown are means and SEM from a technical triplicate from one representative experiment of a series of three independent experiments (BMDMs obtained from three different mice). *P < 0.05 versus all groups without *; * # P < 0.05 versus all other groups by one-way ANOVA with Tukey correction for multiple comparisons; exact P values for each comparison are depicted in table S2. (A to C) qRT-PCR analysis depicting relative amounts of liver transcripts for hepatic sterol transporters Abcg5 (A), Abcg8 (B), and Lxr (C). Gene expression was determined after normalization to Hprt1 as an endogenous control gene. mRNA amounts are expressed relative to results obtained from untreated chow-fed controls. Groups consisted of five mice. Individual mice were tested in triplicate. Mean values from triplicates were analyzed and are displayed as means and SEM from groups of five mice. *P < 0.01 versus groups without * and #; # P < 0.0006 versus groups without *. Exact adjusted P values obtained by one-way ANOVA and Tukey correction for multiple comparisons are depicted in table S2. Lipid composition of SO-based lipid emulsion (Intralipid) and FO-based lipid emulsion (Omegaven).
Intralipid Omegaven
Soy bean oil 20 g/100 ml 0 
